Abstract-Hemodynamic forces applied at the apical surface of vascular endothelial cells may be redistributed to and amplified at remote intracellular organelles and protein complexes where they are transduced to biochemical signals. In this study we sought to quantify the effects of cellular material inhomogeneities and discrete attachment points on intracellular stresses resulting from physiological fluid flow. Steady-state shear-and magnetic bead-induced stress, strain, and displacement distributions were determined from finiteelement stress analysis of a cell-specific, multicomponent elastic continuum model developed from multimodal fluorescence images of confluent endothelial cell (EC) monolayers and their nuclei. Focal adhesion locations and areas were determined from quantitative total internal reflection fluorescence microscopy and verified using green fluorescence protein-focal adhesion kinase (GFP-FAK). The model predicts that shear stress induces small heterogeneous deformations of the endothelial cell cytoplasm on the order of <100 nm. However, strain and stress were amplified 10-100-fold over apical values in and around the high-modulus nucleus and near focal adhesions (FAs) and stress distributions depended on flow direction. The presence of a 0.4 lm glycocalyx was predicted to increase intracellular stresses by $2-fold. The model of magnetic bead twisting rheometry also predicted heterogeneous stress, strain, and displacement fields resulting from material heterogeneities and FAs. Thus, large differences in moduli between the nucleus and cytoplasm and the juxtaposition of constrained regions (e.g. FAs) and unattached regions provide two mechanisms of stress amplification in sheared endothelial cells. Such phenomena may play a role in subcellular localization of early mechanotransduction events.
INTRODUCTION
The endothelium is a primary regulator of vascular health and derangement of this system can lead to diseases such as atherosclerosis. It is subject to hemodynamic forces (e.g. shear stress, s) which depend on the location in the vasculature, the heart rate, and the metabolic demands of tissues. Endothelial cells (ECs) are sensitive to temporal shear gradients 5, 6, 17 and spatial shear gradients, 14 the nature of which is thought to determine whether ECs exhibit an atherogenic or atheroprotective phenotype. 37 Shear stress also plays a major role in the coordination of blood flow in the microvasculature 6, 31 and, hence, in the maintenance of capillary blood pressure, and the delivery of oxygen, nutrients and immunity-related leucocytes to the tissue.
The precise mechanisms by which apical shear stress leads to localized intracellular signaling remains unknown but may involve three possible general mechanisms. First, shear stress may directly perturb a cellular structure which is directly linked to a diffusible factor leading to downstream intracellular biochemical signaling. For example, shear stress activates G-proteins which are coupled directly to the membrane. 21 Second, cellular architecture may redistribute apically applied forces to intracellular organelles where forces induce signaling locally. For example, stress fibers connected to the apical membrane may distribute stress to remote cellular locations and activate stress-fiber-associated proteins there. 54 Third, shear stress may induce a combination of these effects in which biochemical signals are initiated at the apical surface, a diffusible activating factor is generated, and propagation and focusing of this signal is facilitated by local forces. There is strong evidence for this third model. First, shearinduced nitric oxide production depends on an intact glycocalyx 16, 36 and shear causes increases in EC-membrane lipid lateral diffusion 4 and free volume, 22 suggesting shear stresses are directly ''felt'' by the apical surface of the cell which includes the glycocalyx and plasma membrane. In support of decentralized forces, shear stress caused deformation of intermediate filaments, 23 strain focusing at focal adhesions (FAs) 24 and stress focusing in the cell interior. 25 But shear stress also activates PECAM-1, a protein in cell junctions near the cell surface. This activation may lead to production of a diffusible factor which induces activation of integrins in FAs, where stresses may be concentrated. 52 Local potentiation of cell signaling by forces are suggested by studies in which endothelial cells actively reorganize their points of attachment, (e.g. FAs), and align them in the direction of flow. 12, 56 Directional reorientation of FAs may be due to a combination of integrin activation and forces which bias the location of new integrinextracellular matrix bonds. In support of this idea, shear-induced shc-integrin association (thought to be responsible for activation of various mitogen activated protein kinases) was dependent on new integrin binding to the extracellular matrix. 27 Shear stress also leads to polarized adaptive changes in cell mechanics. 44, 45 Taken together, such studies support a model of cellular mechanotransduction in which the global activation of signaling pathways by shear-forces are converted to local signaling events in discrete locations in cells by force amplification and force-induced directional biasing of signal propagation. Thus, there is a need for models which quantify how the unique architecture of endothelial cells can amplify forces from shear stress at discrete cellular locations.
Constitutive mechanical continuum models predict deformation and stresses in subcellular structures of cells in response to force applications. These models use average values of mechanical constants which arise from complex cellular architecture. Experimentally applied forces and readouts of deformation suggest that cell responses to stress can be modeled using linear elasticity, 8 tensegrity, 53 poroelasticity, 10 viscoelasticity, 30 power-law rheology, 32 and scale-free glassy rheology 3 depending on the magnitude and mode of force application. Finite element analysis remains the most effective tool to apply these constitutive frameworks to complex loading protocols and geometries; a process which is necessary in order to assess cellular responses to forces on multiple spatial and temporal scales. For example, Mack and colleagues recently used finite element analysis to assess force transmission from the translation of embedded beads from the cell surface to FAs. 34 They found that finite element analysis of a continuum model which included a cortical membrane and viscoelastic cytoplasm was able to predict FA stress directions that correlated well with FA translocation.
Although there has been excellent progress in defining cell mechanics, most models do not include faithful reconstruction of subcellular topography or organelles, information which may be important in cell-specific responses to applied forces. In response to this challenge, we recently developed new integrated methods in fluorescence imaging and image processing for the development of solid models with cell-specific topographies and subcellular organelles. 15 The goal of the present study was to use these methodologies along with total internal reflection fluorescence microscopy (TIRFM) to create a cell-specific, multicomponent, three-dimensional solid elastic continuum model of an endothelial cell in a confluent monolayer with experimentally determined FAs. Finite element analysis was used to compute stress transmission throughout the endothelial cell due to fluid flow or magnetic bead twisting applied at the apical surface. It is possible that juxtaposition of high and low moduli organelles and constrained and unconstrained regions are two mechanisms of stress amplification in cells. Thus, we quantified the effects of FAs and material inhomogeneity on deformation, strain, and stress distributions in the cell interior. In order to compare our model with available experimental data, we computed stresses and displacements at 1 lm above the cell base in response to magnetic bead twisting as in Ref. 25 In the discussion, we estimate the degree of stress amplification due to the presence of an intact glycocalyx. This type of cell-specific modeling based on experimentally-determined topographies and boundary conditions may help identify potential sites of force-induced potentiation and directional-biasing of cell signaling.
MATERIALS AND METHODS

Cell Culture, Staining, and Transfection of GFP-FAK
Bovine aortic endothelial cells (BAECs), passages 2-10, were grown to confluence ($2-3 days) on a #1 chambered-coverslip (Labtek, Campbell, CA) in Dulbecco's modified eagle medium (DMEM) supplemented with 10% fetal calf serum (FCS), 2 mM L-glutamine, 100 Units/ml penicillin and streptomycin (BioSource, Camarillo, CA). The cytoplasm was stained with calcein-AM, and the nucleus was counterstained with Hoechst 33258 (Invitrogen, Carlsbad, CA). Imaging was performed on cells in phosphate buffered saline (PBS) + 1% albumin at room temperature. In separate experiments, cells were transfected with plasmids encoding for green fluorescence protein-focal adhesion kinase (GFP-FAK) using lipofectamine transfection protocols and counterstained with calcein-AM-orange.
3-D Imaging
Cells on coverslips were mounted on a piezoelectric z-stage (Mad City Labs, Inc., Madison, WI), and viewed on an Olympus IX71 fluorescence microscope using xenon arc lamp illumination, a PlanApo 60x/1.45 NA TIRFM oil-immersion objective (Olympus, Japan), and a Sensicam QE CCD camera (Cooke Corp., Romulus, MI). In order to minimize photobleaching, a TTL-modulated shutter (Uniblitz, Inc., Rochester, NY) was used to match illumination and image exposure times through a custom LabVIEW program and an A/ D board (National Instruments, Austin, TX). The axial slice spacing was 0.2 lm per image representing a slight over-sampling as determined by the Rayleigh depth of field. The total z-sampling distance was twice the full apparent depth of the object. Exposure time was adjusted such that peak grayscale values were 80% of the maximum bin value for the camera.
Empirical Axial Distortion Correction
The axial spacing of 2-D images in a 3-D image stack must be adjusted to account for axial distortions that accompany imaging through media with different indices of refraction. 3-D data sets of cells with unknown axial dimensions were corrected using an axial distortion correction function (ADCF) as described previously. 15 Briefly, an empirical, non-linear ADCF was developed from 3-D image stacks of 15 lm fluorescent microspheres (Invitrogen, Carlsbad, CA). This correction function converts equal axial spacing of microsphere and cell images to non-equal spacing such that, in 3-dimensions, the microsphere has equal radii in all directions. This procedure minimizes axial distortions in the cell image which arise from spherical aberrations and refractive index mismatches.
Quantitative Total Internal Reflection Fluorescence Microscopy
Focal adhesions of the cultured calcein-stained BAECs and GFP-FAK transfected cells were viewed with objective-based total internal reflection fluorescence microscopy (TIRFM) (Olympus, Lehigh, PA) with a tunable krypton-argon ion laser (Melles Griot, Carlsbad, CA). Laser light was transmitted to the system via fiber optic and corresponding coupling system (Point-source, Hamble, Southampton, England). TIRFM images were processed with 2-D adaptive blind deconvolution (Autoquant, Albany, NY) to reduce blur and attenuate intensity gradients across the image plane. Deconvolution had a negligible effect on the quantitation of FA size and area. where D 0 is the minimum separation distance (10 nm), F 0 is the maximum image intensity corresponding to fluorophores exactly at the minimum separation distance, and F(x,y) is pixel intensity. d p is the depth of penetration of an evanescent wave due to a totally reflected light beam and is given by:
where, h i is the incident angle of illumination, k is the wavelength of excitation light, n g is the index of refraction of glass (1.5), and n eff is the effective refractive index of the sample (1.3). Illumination angle (73.15°) was determined through a linear interpolation between the critical angle (TIR first achieved) and the maximum angle for TIR of the objective (angle just before TIR was lost, based on the numerical aperture). TIRF image intensities were converted to distances using Eqs. 1, 2 by a custom MATLAB program which rendered FAs into attachment points for the 3-D cell model. Binary arrays representing both focal contacts and close contacts were constructed by choosing a height threshold of 40 nm. 39 Focal adhesion borders were delineated by a 2-D spline function and the resulting 2-D object representing the FAs were embedded in the 3-D cell solid model (Fig. 1) .
In separate experiments, GFP-FAK positive cells were stained with a red-shifted version of calcein-AM and imaged with TIRF using sequential excitation with 488 nm (for GFP) and 520 (for calcein-orange). The calcein images were analyzed for FAs as described above and colocalization software (ImageJ) was used to determine the degree to which FAs determined from the spline procedure colocalized with GFP-FAKpositive locations. Total colocalization, sizes, and areas of FAs determined from GFP-FAK and by quantitative TIRF were measured (Fig. 2) .
Combined Multi-Component Model of Cell and Fluid Domains
After filtering and scaling with the ADCF, 3-D objects were converted to solid models. For geometries which contained complex and convoluted surfaces or internal features, solid models were created in MAT-LAB using a Qhull-based algorithm. To create models representing large-scale surface topographies, a custom ''blanket rendering'' algorithm was used. 15 The complete cell model was then assembled from models for the nucleus, cell topography, and FAs and combined with a simulated flow field above the cell (Fig. 1D) . This model was analyzed by finite element analysis (FEA) of extracellular flow and intracellular stress.
Finite Element Analysis of Fluid and Solid Domains
Assembly of fluid, solid (cell), and FA domains, automatic meshing, and all finite element analysis were performed using COMSOL Multiphysics software (COMSOL 3.2a, COMSOL Corp., Burlington, MA) on a Dell Computer (64-bit, 3.4 GHz, 12 GB RAM). The fluid velocity vector u was modeled using the steady-state incompressible Navier-Stokes (NS) equation for Newtonian fluids according to:
where I is the identity matrix, g is dynamic viscosity (0.0084 poise), q is density, p is pressure, and body forces (e.g. gravity) are neglected. Total forces F T exerted on the cell surface by the fluid were computed from the velocity according to:
where n is a unit normal vector. This formulation for boundary forces accounts for viscous and normal forces (e.g. pressure). The relationship between the stress tensor, r , and strain, e, for the cell cytoplasm and nucleus was given by isotropic, linear elasticity theory according to: with a Poisson's ratio, t, of 0.33 50 and Young's moduli, E, of 775 and 1,500 Pa, for the cytoplasm and nucleus, respectively 7 ( Table 1 ) and an applied prestress, r 0 . The total fluid stress tensor computed from Eq. 4 was applied to the cell surface as in. 8 All stress components (r ij ) were computed in the model and used to compute the von Mises stress (r vM ), a stress invariant usually referred to as the effective stress. The von Mises stress (in the cell) was computed according to:
Fluid Domain Boundary Settings
Pressure drop across the chamber (0.667 dynes/cm 2 per lm of channel length) was determined from a simplified finite element simulation of a channel without cells which produced a wall shear stress of 10 dynes/cm 2 . The no-slip boundary condition was applied at the cell surface. The slip-symmetry boundary condition, defined such that there is no velocity component normal to the boundary and that velocities inside and outside the boundary are equal, was applied to the tops and sides of the fluid domain (away from the cells). This boundary condition is consistent with the fact that the actual boundaries of the flow chamber are 100 s of microns away from the cell being simulated and, thus, will not influence the flow near the cell.
Solid Domain Boundary Settings
For the solid (cell) domain, the lateral edges of the simulation space were permitted to deform upon shear imposition, consistent with the observation that cells in a monolayer deform as a unit. 23 The total stress (shear and normal) from the fluid domain was applied to the cell surface by setting the surface force equal to the total boundary force derived from the incompressible Navier-Stokes equation (Eq. 4). Because deformations were small, the viscous stress tensor was not re-solved after cell deformation. When computing internal stresses resulting from FAs, boundaries corresponding to FAs were constrained in all three directions while the remaining cell base was free in the x-and y-directions and positive z-direction. To simulate cell stresses with a uniformly adhered base, both FAs and the remaining cell base were constrained in all directions. Thus, mesh parameters were identical for cells that were modeled as focally-or uniformly attached to the glass substrate. Similarly, mesh settings were identical for the cases in which the nucleus was present or absent by making the nuclear modulus equal to the true modulus or to the cytoplasm modulus, respectively.
Determination of Stress Focusing in Response to Shear Stress and Bead Twisting
Our model predicts that stresses can be concentrated (or focused) at discrete locations, even for distributed loads like shear stress. The only experimental data available that demonstrates stress focusing is by Hu et al. who analyzed mitochondria displacements in response to bead twisting. 25 In order to test whether our model could predict experimentally-observed stress focusing, we modified our finite element model to simulate bead twisting of 20°around the horizontal axis as in 35 and predicted the resultant deformation and stress distributions in the EC cytoplasm at 1 lm from the cell base. In this case fluid flow was not simulated over the cell surface.
Meshing, Solution Procedure, and Post-Processing
The combined solid models with material properties and boundary settings were meshed using tetrahedron elements. Meshes consisted of approximately 71,000 elements and approximately 420,000 degrees of freedom. The model was solved using a generalized nonlinear solver and minimal residual (GMRES) iterative linear system solver. Simulations were performed on a Dell Xeon, 3.4 GHz 64-bit computer with 12 GB RAM. Sensitivity of the solution to different mesh parameters (e.g. coarseness) was evaluated. Computed stresses were found to be insensitive to changes in mesh parameters (data not shown). Post processing results for stresses, strains, and deformations were obtained using COMSOL post-processing features. Quantification of FA areas and numbers was performed using ImageJ particle-analysis tools.
RESULTS
GFP-FAK Fluorescence Colocalizes with Quantitative TIRFM of Calcein-Stained Cells
qTIRFM was used to detect FAs and focal contacts in calcein-stained cells by identifying where the membrane was within 40 nm of the coverglass. In order to determine whether these were mature FAs, in separate experiments on subconfluent cells, we imaged GFP-FAK-positive cells loaded with red-shifted calcein and computed areas where calcein-FAs were colocalized with GFP-FAK-positive regions. In these studies of five cells, 82 ± 24% (mean ± SD) of FAs detected by quantitative TIRFM of calcein-stained cells were GFP-FAK-positive (data not shown) indicating that these were mature FAs (Fig. 2) . The remaining 18% of attachment points detected by quantitative TIRF were comprised of small adhesion sites and represented about 5% total FA area. Average areas of qTIRF-detected FAs and GFP-FAK-positive FAs in subconfluent cells were 0.69 ± 0.56 lm 2 and 0.56 ± 0.51 lm 2 , respectively (not shown). In confluent cells, average qTIRF-detected FA area was 0.53 ± 0.78 lm 2 . Thus, there was negligible difference between FA areas of newly adhered ECs and confluent ECs. A representative image in which splined FAs from quantitative TIRF and GFP-FAK-positive regions were superimposed on the DIC mage is shown in Fig. 2 .
Apical Shear Stress is Non-Uniform
Subcellular shear stress distributions from finite element analysis of AFM-rendered monolayers have been reported in the literature.
2 Consistent with these previous findings, in the present simulation of flow over fluorescence-rendered ECs, shear stress was non-uniform and depended on cell height (Fig. 3) . Simulation on three cell monolayers resulted in nonuniform shear stress over the cell surface with a mean (± standard deviation) peak surface shear stress (s max ) of 30.56 ± 1.33 dynes/cm 2 which is consistent with values reported by Ref. attachment locations introduced heterogeneity in deformation direction which differed from those in the uniformly fixed base case (not shown). Model predictions of deformations of a focally-adhered endothelial cell were largely determined by the number, density, and size of adhesions (Fig. 4) . For example, z-dependent deformations over FAs ranged from 0 nm at the base to 25 nm at the cell surface (point 1 Fig. 4A , B) while deformations ranged from 20 nm at the base to 25 nm at the surface in areas where there were few FAs (point 4 Fig. 4A, B) . Deformation was minimal in the basal region and increased with increasing distance away from glass substrate (Fig. 4B) . Maximal deformation of the cell in the center of the simulation space was $30 nm (Fig. 4C ).
The addition of FAs as attachment locations for the cell also had an effect on the internal strains (Fig. 5) . Considering normal strain in the z-direction, FAs introduced heterogeneity in strains, which were concentrated close to the FAs and propagated away. As an example, a color plot of z-normal strain (e zz ) evaluated at a height of 100 nm above the glass surface is displayed in Fig. 5A . This height was chosen to put the plane of analysis close to the base of the cell but entirely in the cytoplasm. With the inclusion of FAs as attachment points, the peak strains were larger by nearly an order of magnitude compared to the case of a uniformly fixed base (not shown). There was observable strain focusing at the edges of the adhesion (Fig. 5B ) while e yy , was compressive on the upstream and tensile on the downstream portion (Fig. 5C ). The terms upstream and downstream were chosen to be consistent with the flow direction (upstream to downstream). These strain concentrations tended to propagate outward from their origins on the FAs and diminish with increasing distance from the coverglass. Nevertheless, maximum internal strains resulting from a nominal surface shear stress of 10 dynes/cm 2 were predicted to range from 1 to 4%. Plots of cell-scale principle stresses and strains revealed a general trend of tensile stress in the cytoplasm on the side upstream of the nucleus and compressive stresses in the downstream side (not shown).
To determine the relationship between FA area and strain, two models were solved and strains near FAs were computed. The maximum and minimum strains (found immediately adjacent to FAs) in the y-and zdirections were then plotted and fit with a linear function. Results (Fig. 6 ) of curve fitting provide estimates of maximum and minimum strains for FAs of arbitrary area.
With respect to stresses, the inclusion of FAs induced substantial stress amplification and focusing (Fig. 7A) . For example, maximal von Mises stress was 380 dynes/cm 2 , a 38-fold increase over the nominal shear stress at the surface (Fig. 7B ). When the model was solved without FAs, maximal stresses were on the order of 30 dynes/cm 2 and mirrored the surface shear stress distribution (Fig. 7A) . FA-amplified stresses were directional with large compressive stresses in the y-direction upstream of the FA and large tensile stresses downstream. When the model was solved with the nucleus, stresses near FAs under the nucleus were about 30% less than when the model was solved without the nucleus (not shown).
Material Inhomogeneities and Nucleus-Induced Stress Amplification
The model was constructed to determine the role of the high-modulus nucleus on internal cellular stresses and strains. When the modulus of the nucleus was artificially set equal to the cytoplasmic modulus of 774 Pa, (effectively negating the effect of the nucleus without changing mesh settings), the von Mises stress evaluated at 2.5 lm from the base was nearly uniform and ranged from $20 to 30 dynes/ cm 2 ( Fig. 8A ). When the nuclear modulus was set equal to the experimentally measured modulus of 5,100 Pa, stresses at 2.5 lm from the base ranged from 40 to 60 dynes/cm 2 (Fig. 8B ). These higher stresses were located exclusively in the nucleus near the nucleus-cytoplasm interface. Stresses elsewhere in the cytoplasm were more uniform and on the order of 20-30 dynes/cm 2 . The high-modulus nucleus also affected strain distributions in the cytoplasm and nucleus. For example, at the interface with the nucleus, cytoplasmic strains were on the order of 0.05-0.1% when the nucleus was not included and increased moderately to 0.2% when it was included (Fig. 8C, D) . More significantly, the high nuclear modulus resulted in shielding of the nucleus from high strains. In other words, although stresses were concentrated in the nucleus, strains were <0.05%.
Focal Adhesions Result in Stress Heterogeneities in Response to Bead Twisting
Magnet-induced rotation of integrin-attached ferromagnetic beads induces pN-loading of cell surfaces which has been successfully modeled using finite element analysis. 35, 38 Such rotation results in mitochondrial displacements and stress focusing approximately 1 lm above the cell base and far from the loading source. 25 Stress focusing refers to the areas where high stresses are spatially confined and surrounded by lower stresses. In this study, we sought to determine if the presence of FAs could lead to stress focusing in the cell interior. Thus, we modeled FIGURE 6 . Relationship between strains near focal adhesions and FA area. Maximum and minimum e yy and e zz strains located immediately adjacent to focal adhesions were plotted against the reciprocal of focal adhesion area for two models of multicomponent, confluent endothelial cells. Positive and negative strains are tensile and compressive, respectively. Legend indicates linear fit according to e ij = b + m *(1/area) and correlation coefficients, R. Total number of FAs analyzed was 50.
the response of the cell to 20°rotation of a 1 lm bead embedded and mechanically coupled $50% into the cell surface. The predicted displacement map exhibited maximum total displacements near the bead which fell off rapidly with increasing distance (Fig. 9C) . At 1 lm above the cell surface, bead rotation induced heterogeneity of displacement in focally adhered ECs but not in cells uniformly attached at the base (Fig. 9C, D) . Lower displacements occurred in areas near FAs. Similarly, maps of von Mises stress at z = 1 lm exhibited increased heterogeneity of stress distribution (Fig. 9A,B) . Importantly, focused stresses were predicted above FAs far from the bead. These same stress concentrations were not predicted when the cell base was uniformly constrained.
DISCUSSION
This study provides the first quantitative predictions of stress distributions in focally adhered ECs resulting from apically applied fluid-flow. These results arise from finite-element analysis of a cell-specific model in which surface topography and FA location and area were experimentally determined. The model predicts that shear-induced stresses were generally small but significantly amplified and focused near FAs and the high-modulus nucleus.
Effects of FAs on Distributions of Stress, Strains, and Displacements
Inclusion of FAs as attachment locations in a homogeneous linear elastic continuum model resulted in heterogeneous internal stresses, strains, and displacements. Stresses near FAs were nearly 40-fold larger than surface shear stresses thus supporting the widely held contention that FAs are a means of force amplification of shear stress. Shear stress induced cytoplasmic displacements that were small near FAs and larger in areas absent FAs. Strains were largest in the vicinity of FAs and diminished with increasing distance away from FAs. Although inclusion of FAs resulted in larger deformations compared to a uniformly constrained base, deformations from shear stress were still small (<100 nm). While deformation due to applied stress is dependent on the modulus used in the simulation, the 2-fold range of moduli reported in the literature 8 would affect deformation results only by a factor of 2 at most. Deformations from the bead-twisting model were comparable to those observed by Hu and colleagues at early times after force imposition. 25 In addition, the magnitude of the displacements predicted by our model are consistent with rapid (1-10 s) displacements seen in endothelial cells as determined from the tracking of endogenous particles in the cytoplasm (unpublished observations). Thus the present model provides quantitative predictions of early, rapid, shear-induced deformations (which are important in the earliest mechanotransduction events). Larger force-induced displacements of cytoplasmic components 20, 23 observed on the order of minutes to hours after shear-imposition may be better explained by models which include structural remodeling, plastic deformation, or cytoskeletal force generation.
Effects of Material Inhomogeneities on Stress Distributions
Composite materials made of stiff and soft structures, when stressed, exhibit stress concentrations in and around the stiff structure. Consistent with this principle, we quantified stress amplification near the high-modulus nucleus. While overall strains were small ($0.5%) inclusion of the nucleus in the model increased peri-nuclear strains that were 2-fold greater than the case when the nucleus was not included in the model. Similarly, stresses in the nucleus were large ($50 dynes/cm 2 ) although strains were low ($0.05%). Deguchi et al. recently found that shear stress leads to an increased in nuclear stiffness while our analysis suggests that stresses are high in the nucleus and strains are high in the soft cytoplasm. 13 Thus it is be possible that nuclear mechanical properties are regulated by intranuclear stresses transmitted from the cell surface to the nucleus. Jean et al. showed that stresses can be transmitted to the nucleus during cell rounding and spreading. 28, 29 In that study, it was suggested that forces transmitted to the nucleus may be sufficient to alter gene expression directly. However, stresses transmitted to the nucleus as a result of apical fluid flow are likely to be less than those resulting from cell contraction. Thus, it is unclear whether shear stress can transmit sufficient stresses to the nucleus for direct mechanotransduction of gene expression.
Cytoplasmic Stresses Resulting from Alternative Forcing Functions
Heterogeneous, focused displacements in response to bead rotation predicted by our model are consistent with experimental observations reported by Hu and colleagues but inconsistent with their simplified continuum elastic model of bead twisting. 25 The discrepancies between these models are due to the fact that the simplified model did not include actual cell topography, a high-modulus nucleus, or FAs. In support of the role of FAs in anisotropic mechanical behavior Hu and colleagues showed that disruption of stress fibers reduced but did not eliminate the mechanical anisotropy deduced from a novel 3-D cellular magneto-rheometer. 26 Thus, FAs, in addition to stress fibers, may be important origins of stress focusing in cells while stress fibers may be necessary to explain the ''action at a distance'' observed in Hu et al. and predicted by tensegrity theory. 46 The observations from the present study, therefore, support the use of a homogenous, isotropic continuum to predict a heterogeneous mechanical response to external loading in living endothelial cells provided focal attachment points are accurately modeled.
Our model predicts that high stresses are correlated with small displacements near FAs. Thus large strains (and stress) will occur in areas where constrained regions and free regions are juxtaposed, such as above FAs (shown in Fig. 9 ). This observation may explain experimental observations in a recent study in which caveolin-and integrin-mediated signaling in response to shear stress were co-localized. 18, 41 Comparisons of displacements and stresses in the cytoplasm also suggest that stresses and displacements resulting from bead twisting are comparable to those from shear stress, although the directions of the effects differed between the two forcing modalities. When our model was solved for 0.9 nN lateral pulling on an embedded bead, deformations near the bead on the order of 1 lm were predicted (not shown) suggesting that bead pulling does not replicate shear-induced apical membrane displacements. However, stresses near the base of the cell from the bead twisting and pulling were comparable to those resulting from shear stress, a finding consistent with Ref. 34 .
Modeling of the Surface Glycocalyx
Endothelial cells are known to have a carbohydrate and plasma protein-rich surface glycocalyx the dimensions of which depend on media composition. 1 This layer may affect some aspects of mechanosensing by modulating the transfer of shear stress to the cell membrane or cytoplasm. 36, 48, 49 Although the presence or properties of the glycocalyx were not experimentally assessed in this study, we can estimate the effects of the glycocalyx on overall fluid drag on the cell using a model proposed by Weinbaum et al. 55 In their calculations the glycocalyx was considered a 0.4 lm thick poroelastic Brinkman layer (for flow through porous media) mechanically coupled to the apical membrane. The Brinkman velocity, u b , was determined from:
where the second equation is the continuity equation. Fluid drag from the NS domain on the solid portion of the Brinkman layer was estimated by computing the forces on idealized vertical strands with N strands/unit area (Eq. 3 from 55 ):
where F(r) is force on a strand as a function of distance, r, from the membrane, U(r) is the local (Brinkman) velocity, r f is the radius of a strand (6 nm), c is the fiber volume fraction (calculated as 0.326), K p is the Brinkman permeability (3.157 Â 10 )18 m 2 ), and D is the interstrand spacing (8 nm) . If each strand is centered on a vertex of an equilateral triangle with sides of length 2r f + D, one can estimate the number of strands per area to be approximately 2.89 Â 10 15 strands/m 2 . After integrating the velocity along the strand and calculating the overall drag/strand from Eq. 8, the drag force is 7 Â 10 )4 pN/strand for the nominal shear stress of 10 dynes/cm 2 . 55 This drag on an individual strand results in an overall drag on the cell (pN/strand*stands/ area) of 20.0 dynes/cm 2 . If the top surface of the glycocalyx was subjected to all of the shear stress, then mechanical equilibrium would dictate that the overall drag on the cell would be the same with or without the glycocalyx. However, because of increased surface area contributed by vertical strands, and the transmission of flow from the free stream to the upper surface of the Brinkman layer, overall drag is increased by a factor of $2. Inclusion of the glycocalyx in our model would increase stresses and strains by this factor. It can be seen from this analysis that the presence of a glycocalyx may constitute an important additional mechanism for stress amplification in vascular endothelial cells. It should be pointed out, however, that much about the glycocalyx is unknown and its role in mechanotransduction is controversial. For example, recent studies suggest that the glycocalyx is important for some aspects of mechanotransduction and not for others. 16, 42 However, from our analysis, it is suggested that experiments which denude endothelial cells of the glycocalyx or experiments which fail to use plasma components in the perfusates, may unintentionally alter the stress distribution in the cell and at FAs.
Limitations of Isotropic Linear Elasticity
Linear elasticity is a known limitation of our model. Since the time constant for viscoelasticity of endothelial cells is estimated to be $1 s, 30 the results of the present model represent the deformation at early times after viscous damping can be neglected. Similarly, active remodeling of actin (and mechanical properties) in response to shear stress may occur as early as 5 min after shear onset. Therefore, the estimates of stress and strain distributions presented here should be used to interpret very early mechanotransduction events.
Cells are known to contain a meshwork of microtubules and filaments which can transmit mechanical loads from the cell surface to the interior. 20 However, it has been shown here that a continuum approach to cell mechanics can reproduce heterogeneous response in cells consistent with what is reported in the literature, suggesting that the cytoskeletal structures and other organelles are sufficiently inter-connected and pore sizes are small enough ($50 nm) for the cytoplasm to be approximated by continuum theory. However, interconnections of stiff filaments and compressive elements may play a role in altering the transmission of stress within the cell. 53 A very stiff filament may act as a stress isolator when the cell is in tension. In this case a continuum model which neglects this stress isolator would over-estimate stress transmission from the apical surface to the base. In other cases, stiff compressive elements might enhance stress transmission and a continuum model would thus underestimate stresses near the base. Importantly, it has been shown that the modeling techniques employed here have the potential to model internal cell structures (e.g. nucleus). As computing power increases, the potential of these techniques to model structures with finer detail increases. In the future, it will become desirable to counter-stain for additional internal structures such as microtubules, stress fibers, and intermediate filaments and include them in a multicomponent continuum model. However, although computational limitations motivate the use of a continuum approach, it is likely that the complete architectural structures which contribute to cell mechanics could not be modeled accurately with discrete representations of the structures and their interactions. Thus, a continuum model may lead to more accurate predictions of stress transmission due to the inherent representation of all relevant internal structures. An alternative approach to imaging the all cytoskeletal elements is to measure mechanical properties in many locations of the same cells being simulated to create a heterogeneous continuum elastic solid model of the cell. 8 
Effects of Imaging Uncertainties on Model Predictions
The solid modeling procedures developed here use surface topographies and mechanical properties which have inherent uncertainty. First, since the detection of cell edges is determined by a user-selected threshold, altering this value can induce slight changes in the final structure produced by the modeling program. This uncertainty is minimized by image deconvolution which makes the edges more obvious by reduction of blur. In addition, axial distortions inherent in biological imaging were minimized using an axial distortion correction function resulting in similar surface shear distributions as those computed when the surface was measured with atomic force microscopy. 2 Second, it is possible that TIRFM does not reveal all attachment points of the cell and or the true size and shape of FAs. To address these issues, we used TIRFM to image cells transfected with green fluorescent protein-tagged focal adhesion kinase (GFP-FAK) as a counter-stain to calcein (a red shifted version). We found that most GFP-FAK-positive FAs were detected by quantitative TIRF and had similar shapes and areas. Those areas which were attached to the glass but not GFP-FAK positive were likely not mature adhesions. However, it is appropriate to consider these areas as attached with respect to model development. Although GFP-FAK provides excellent single-to-noise ratios, TIRFM of calcein-stained cells makes feasible the reproduction of basal membrane topography, which would be useful in developing a microscale model of basal cell mechanics in response to apically applied stresses.
Prestress in Cells
Endothelial cells exhibit contractility under static conditions 40 suggesting that cells are stressed internally. Due to the large number of filaments in the cell, it would be difficult to account for prestress in each filament and incorporate it into a holistic model. Alternative methods of applying prestress to a continuum include use of an estimated uniform prestress or assignment of directional prestress at individual FAs. Applications of a uniform physiological prestress in the current model yielded slight changes in magnitude of stress in sheared ECs but had only marginal effects on stress distributions (data not shown). Pourati and colleagues demonstrated that prestress increases endothelial cell stiffness in response to eternally applied forces. 40 In their study, stiffness increased by about 10 and 25% in response to 2.5 and 5% strain applied at the surface, respectively. These strains are much larger than the surface strains predicted in our model in response to 10 dynes/cm 2 surface shear stress. Thus the increases in modulus due to physiological shear and EC prestress are likely to be well below 10% and have only modest effects on shearinduced deformation.
Relationship Between Stress and Endothelial Cell Mechanotransduction
Mechanotransduction is the process by which cells convert mechanical stimuli into intracellular chemical signaling cascades. Mechanotransduction is known to be involved in the regulation of homeostasis of many tissues including the vascular endothelium. 11 Interest in the precise mechanisms by which endothelial cells sense and respond to mechanical signals arises from a now well-established correlation between spatial and temporal variations in hemodynamic shear stress and the focal nature of atherosclerotic lesions. Candidate cellular structures responsible for mechanotransduction in ECs include FAs, plasma membrane subdomains, 4 ,43 cell-cell junctions, 52 and others. It has not yet been shown, however, that physiological shear stress results in sufficient stress in these regions to directly activate signaling. In order to better understand force transmission in single cells, finite element mechanical approaches deal effectively with complex geometries and force impositions 8, 30 and provide good approximations of force levels in idealized cells and in cells in which topography and mechanical properties have been measured. In support of the use of continuum theory in mechanotransduction, Mack and co-authors used FEA of an idealized cell subject to point deformation from a magnetic bead to correlate the stresses in FA to FA translocation as determined by fluorescence images of GFPpaxillin, a protein that binds to FAK in mature FAs. Similarly, Charras and colleagues demonstrated that FEA-predicted stresses correlated well with ion channel opening in bone cells. 9 While it is difficult to couple information from a continuum model to forces on individual molecules, Charras and Horton recently showed that stresses and strains resulting from fluid shear stress are below the threshold needed to activate candidate shear-sensitive molecules. 8 However, because their model did not include the nucleus or FAs, they could not predict the stress-amplification mechanisms suggested in our study. In our model, strains on the order of 1-4% are predicted. If these strains were applied to the membrane near FAs, it is conceivable that transmembrane proteins could be activated there.
It is possible that cell-cell junctions 19 are additional mechanisms of force amplification. A recent report by Tzima and colleagues suggests that PECAM-1, along with adapter molecules may constitute a forcesensitive system which indirectly activates integrin molecules. 52 In that study, both shear stress and bead pulling were used as forcing functions to activate integrins in endothelial cells. Since cell junctions were not explicitly included in the present model, it is not yet clear that bead pulling and shear stress elicit comparable stresses at cell junctions. Our study focused on cellular stresses in response to apically applied fluid shear stress in order to begin to evaluate extant theories on focal-adhesion-mediated mechanotransduction of fluid shear stress. It is possible that other modes of force (e.g. cell contraction, substrate stretching, bead pulling) may stimulate different molecular signaling pathways than those activated by fluid shear stress. 8 
Cell-Specific Stress Analysis and Mechanotransduction
In summary, this study presents the first estimates of heterogeneous displacements and stress-strain fields in sheared and focally-adhered endothelial cells. These heterogeneous stress responses are due to the inclusion in the model of distributed attachment locations (i.e. FAs) and cellular components with different elastic moduli. The location and directions of upstream tensile and downstream compressive stresses computed in the vicinity of individual FAs were consistent with the observation of FA growth in the downstream direction of flow and FA retraction in the upstream side, thus providing needed quantitative information to elucidate mechanisms of mechanotaxis of ECs. 12, 33, 56 Further work is necessary to extract stresses from individual FAs and to precisely compute forces on integrin-extracellular matrix bonds to evaluate integrin-mediated force sensing. If such modeling methods are followed by cellular probing for physiological changes and molecular signaling events on the same cells, direct correlations could be made between sub-cellular stresses and signaling (i.e. cell-specific mechanotransduction) to assess which structures are the dominant mechanotransducers under physiological and pathophysiological conditions. Elucidating molecular mechanisms of alterations in EC phenotypes from atheroprotective to atherogenic in response to prevailing wall shear stress is an important component of the development of therapeutic interventions in vascular disease.
In order to determine the precise molecular mechanisms which couple force and biochemical signaling in ECs, it is useful to combine engineering analysis of intact endothelial cells with real-time experimental readouts of the same cell using comparable spatial and temporal scales; in other words, cellspecific models constructed from accurate input parameters of cell topographies and boundary conditions followed by micron-scale interrogation of molecular changes in areas of stress or strain focusing. Such analysis would lead to direct, same-cell correlation of experimental measurements and stress distributions. While atomic force microscopy (AFM) and electron microscopy (EM) can yield ultra-highresolution topographies for solid models, fluorescence microscopy can yield high-resolution images of surface and internal cellular features of viable cells. In addition to yielding insight into the role of surface topography, nuclei, and FAs in shear-induced stress distributions, these methodologies set the stage for cell-specific modeling and experimentation to elucidate the fundamental mechanisms of mechanotransduction.
